Introduction
Seawater is an aqueous multicomponent electrolyte mixture with the predominant ions being, in their decreasing order of molality: Cl , and K + . These ions are also the predominant ones found in most brines that are derived from seawater and in many other natural waters, and salts derived from various combinations of these ions are commonly found in evaporite deposits.
The 6 predominate seawater ions can be combined to yield the 7 soluble salts NaCl, Na 2 SO 4 , KCl, K 2 SO 4 , MgCl 2 , MgSO 4 , and CaCl 2 , and the sparingly soluble CaSO 4 . These 7 soluble salts can be mixed to yield (excluding mixtures with CaSO 4 ) 18 soluble binary salt mixtures, 23 soluble ternary salt mixtures, etc. Even at a single temperature, a considerable amount of experimental data is required to adequately characterize the thermodynamic properties of all of these systems because mixtures with several different mole ratios of the salts need to be studied.
Because of this large number of possible aqueous mixtures, there has been considerable interest in the thermodynamic modeling of these solutions with an emphasis on developing methods for predicting the properties of multicomponent mixtures from those of the simpler (usually binary) mixtures. The ion-interaction model developed by Pitzer [1] has proven to be especially valuable for thermodynamic modeling of natural brines [2] [3] [4] [5] . For extremely concentrated electrolyte solutions, especially those encountered in atmospheric aerosols where the concentrations are not limited by heterogeneous nucleation, analogous equations based on the mole-fraction composition scale [6, 7] are capable of representing the entire composition range. However, these mole-fraction composition based equations have been not been widely used in geochemical modeling, at least in part because of their more complicated functional forms.
The assumptions of Pitzer's ion-interaction model [1] loose their validity at high ionic strengths where the solvent-to-ion mole ratio falls below that required by the hydration needs of the individual ions and solvent-sharing ion pairs must therefore be present, as have those involved in deriving the Debye-Hückel "osmotic" term. The standard form of Pitzer C that formally represents simultaneous short-range interactions between three ions, which was assumed to be independent of ionic strength. The standard form of Pitzer's equations gives a good representation of thermodynamic properties of many electrolytes for ionic strengths of I ≤ 6 mol·kg -1 [1] , but has also been shown to be adequate for modeling the solubilities of many brines at much higher ionic strengths [1] [2] [3] [4] [5] .
To improve the accuracy of Pitzer's ion-interaction model for representing thermodynamic properties of more soluble electrolytes, Archer [8] replaced the constant 
C exp("# M,X I 1/ 2 ) . Clegg et al. [9] have extended Archer's extended ioninteraction model to include mixed electrolyte solutions of arbitrary complexity, including those like H 2 SO 4 (aq) that undergo self-association.
A more generalized form of the ion-interaction model described by Pitzer et al.
[10] is capable of representing thermodynamic data of extremely soluble single electrolytes.
However, so far it has been applied to very few systems, e.g., CaCl 2 
Experiments at the University of Belgrade
The isopiestic apparatus and experimental procedure used in the part of this work done at the University of Belgrade are essentially the same as described previously [31] . 4 and thus x = 0.50000.
All apparent masses were converted to masses using buoyancy corrections.
The isopiestic equilibration times ranged from 16 to 46 days and the molalities of duplicate pairs of solutions at isopiestic equilibrium agreed to ±0.081 % or better, with the average molality being accepted.
Results and Calculation of Osmotic Coefficients
Osmotic coefficients of the {yMgCl 2 + (1 -y)MgSO 4 }(aq) and {Na 2 SO 4 + MgSO 4 }(aq) solutions at 298.15 K were calculated from the experimental isopiestic molalities using the fundamental equation for isopiestic equilibrium:
where ν i is the stoichiometric ionization number of the electrolyte i {ν 1 = 3 for MgCl 2 and Na 2 SO 4 , and ν 2 = 2 for MgSO 4 }, m i is the molality of electrolyte i, and φ is the osmotic coefficient of the mixed electrolyte solution based on the use of stoichiometric molalities and ionization numbers. Corresponding quantities for the isopiestic reference standards KCl(aq) or NaCl(aq) are denoted with a subscript R. The osmotic coefficient of each KCl(aq) and NaCl(aq) reference solution at 298.15 K was calculated using the ion-interaction (Pitzer) model and parameters reported by Archer [8, 34] .
The experimental results for {yMgCl 2 + (1 -y)MgSO 4 }(aq) solutions are given in Table 1 . Quantities reported are the isopiestic molalities of the reference solution KCl(aq), Table 2 gives the isopiestic results for {Na 2 SO 4 + MgSO 4 }(aq) solutions where the concentrations of the mixtures are reported as the total molality m T .
Relations between Different Molality-Based Composition Scales
The isopiestic results for {yMgCl 2 + (1 -y)MgSO 4 }(aq) solutions, given in Table 1 , are reported in units of the molality-based ionic strengths I, whereas those for {Na 2 SO 4 + MgSO 4 }(aq) solutions, given in Table 2 
and
where z i is the valence (with sign) of ion I and x the molality fraction of MgCl 2 or Na 2 SO 4 . (molality-based) activity coefficient is
Extended Ion-interaction Model Equations for Solutions of Single Electrolytes and
Archer and Rard [35] reported the parameters of Eqs. 7 and 8 for a MgSO 4 (aq) model that is valid over wide ranges of molality and temperature. The parameters at 298.15 K given in their errata are listed in our Table 3 , and were used to calculate values of φ at the 6 experimental concentrations reported in Table 1 . [30, 39] generally used two or three isopiestic standards in their isopiestic measurements and the average value of the osmotic coefficient for MgCl 2 (aq) was accepted for each equilibration.
The value of the Debye-Hückel limiting law slope for aqueous solutions at 298.15 K, ! A " = 0.391475 mol -1/2 ·kg 1/2 , was taken from Archer and Wang's evaluation [42] . When the parameters of Eqs. 7 and 8 (with
= 0) were evaluated using the complete osmotic coefficient database extending to m = 5.9188 mol·kg -1 , the resulting fit exhibited systematic cyclic deviations of Δφ ≈ ±0.01 from the experimental data. This model over the full molality range was considered to be not accurate enough for our analysis of the mixture results.
Because our mixture results reported in Table 1 do not extend to saturation, we repeated the fit while restricting the molality range of the osmotic coefficients being fitted to m ≤ 4.0251 mol·kg -1 (I ≤ 12.075 mol·kg -1 ). As shown in Fig. 2 , which is a plot of differences between the experimental and calculated osmotic coefficients, this new model gives an excellent representation of the experimental osmotic coefficients with an essentially random distribution of the residuals. The parameters of this model fit for MgCl 2 (aq) were accepted and are reported in Table 3 . Table 5 summarizes the experimental studies, their molality ranges, number of data points, and weights used for the model parameter evaluations.
Experimental osmotic coefficients with deviations > 2.5σ(φ) were weighted zero in these fits,
which corresponds approximately to rejecting values exceeding the 99 % confidence limit.
Rodil and Vera [43] reported values of the mean activity coefficients 
where Z, defined by Eq. 6, is given by
The term 
where 
If these higher-order electrostatic effects are neglected, then 
where
[
The explicit functional relations for the ionic strength derivatives
are given in , and all positive ranging up to Δφ ≈ +0.07 at higher ionic strengths. Allowing both mixing parameters to be optimized yielded These parameters are included in Table 3 along with those of the single salt solutions. Figure   3 is a plot of the differences between the experimental osmotic coefficients and those calculated with the first pair of these parameters; systematic differences are not large, Δφ ≈ -0.007 to +0.013, but exceed the likely experimental error. Figure 4 is a plot of the corresponding Δφ differences using the second set of mixing parameters of Table 3 , i.e., without the high-order electrostatic effects. The fit is even better the previous one, especially for I < 6.2 mol·kg . However, we note that there is a tendency for the Δφ differences to be positive and low values of y and negative at high values of y, which implies that although Pitzer's 2-parameter mixing function [1] gives a nearly quantitative representation of the mixing effects for {yMgCl 2 + (1 -y)MgSO 4 }(aq) at 298.15 K, some minor details may be missed. Table 6 lists calculated values of the osmotic coefficients and mean activity coefficients of MgCl 2 , at the total ionic strengths of the mixtures using the extended ionic interaction model parameters of Table 3 , and evaluated the b ij by a least-squares method using our isopiestic results and those of Wu et al. [21] . Table 7 summarizes the resulting b ij parameter values. The one-parameter model with b 01 gives a fit comparable in accuracy to that of the "pure" extended ion-interaction models of Table 3 , whereas two-parameter models that include the b 01 term give slightly better representation (but the two-parameter model without b 01 has about twice the standard deviation of the "pure" ion-interaction model without higher-order electrostatic effects).
Including all 3 mixing terms that are symmetrical in the ionic-strength fractions of the two solutes (i.e., b 01 , b 02 , and b 03 ) yields a standard deviation about one half that of the "pure" ion-interaction model without higher-order electrostatic effects. The 6 parameter model with 3 asymmetrical mixing terms in addition to the symmetrical ones is only slightly better, indicating that the mixing contributions to φ of the {yMgCl 2 + (1 -y)MgSO 4 }(aq) system are predominantly symmetrical within the framework of Scatchard's model.
For most practical applications the extended ion-interaction models of Table 3 will be adequate. For greater accuracy the 3-parameter model of Table 7 with b 01 , b 02 , and b 03 should be used, but the differences between the models is not large, i.e., Δσ(φ) ≈ 0.002.
Comments on the Na 2 SO 4 + MgSO 4 + H 2 O System
The isopiestic results of Rard and Miller [30] Table 2 with NaCl(aq) as reference standard indicates essentially complete agreement of the osmotic coefficients over with most of the molality range but with slight differences of 0.2 % at the highest overlapping molalities, which is within the uncertainties of the reference standards and thus the agreement is excellent.
Wu et al. [21] reported isopiestic results at 15 compositions for this system at 298.15
K. However, their osmotic coefficients for Na 2 SO 4 (aq) are discrepant from most other studies as noted in references [30, 47] and thus it is likely that their osmotic coefficients for Na 2 SO 4 + MgSO 4 + H 2 O mixtures are skewed as a function of y. As noted in the introduction, the results cited in reference [29] were not available to us. Obviously, there is a need for more extensive isopiestic measurements for this system. The measurements reported in Table 2 were not extended to other solute molar ratios because the Isopiestic Laboratory at Lawrence Livermore National Laboratory has been closed. 
Fig. 2
Differences between the experimental osmotic coefficients of the MgCl 2 (aq) system at 298.15 K from those calculated from the extended ion-interaction model, using the parameters reported in Table 3 . The data included in the model parameter evaluations are summarized in Table 5 ! ", Miladinović, et al. [18] ; , this study (Table 1) ; , Frolov et al. [38] ; , Saad et al. [24] ; , Robinson and Bower [19] . Table 3 for the model including higher order electrostatic effects. Plotting symbols: , this study (Table   1) ; , Wu et al. [21] . Table 3 for the model that does not include higher order electrostatic effects. Plotting symbols: , this study (Table 1) ; , Wu et al. [21] . Table 3 for the model that does not include higher order electrostatic effects. Table 3 for the model that does not include higher order electrostatic effects. were evaluated using the critically-assessed database and weights described in Table 5 whereas those for MgSO 4 (aq) are the revised values reported by Archer and Rard [35] .
b These parameters were evaluated without including the higher-order electrostatic effects.
c These parameters were evaluated while including the higher-order electrostatic effects. [35] , which are reported in Table 3 . The studies of Rard and Miller [39] and Stokes [37] include isopiestic data at higher molalities that were not analyzed because they occur above the upper molality limit of our model; the listed number of data points is only for those solutions with m ≤ 4.0251 mol·kg -1 that were considered in the model parameter evaluations. Osmotic coefficients were also determined at higher molalities in the investigations of Robinson and Bower [19] and Gibbard and Gossman [40] , and at lower molalities by Platford [13] , but they are not included here for reasons described by Rard and Miller [39] . b These are the relative weights given to the individual osmotic coefficients calculated from the reported isopiestic molalities; the numbers given in parentheses are the numbers of osmotic coefficients from that study given zero weight in the model parameter evaluations, based on a 2.5σ(φ) rejection criterion. 
